Objectives: Polymyxins are a last-line therapy to treat MDR Gram-negative bacterial infections. Nephrotoxicity is the dose-limiting factor for polymyxins and recent studies demonstrated significant accumulation of polymyxins in renal tubular cells. However, little is known about the mechanism of polymyxin uptake into these cells. Oligopeptide transporter 2 (PEPT2) is a solute carrier transporter (SLC) expressed at the apical membrane of renal proximal tubular cells and facilitates drug reabsorption in the kidney. In this study, we examined the role of PEPT2 in polymyxin uptake into renal tubular cells.
Introduction
Seventy years after the first antibiotic, penicillin, was introduced into the clinic, we are now facing a post-antibiotic era. 1 Over the last two decades, there have been a very limited number of new antibiotics discovered. Increasing antibiotic resistance has become a leading healthcare problem worldwide. 2, 3 In particular, there are significant threats from MDR Gram-negative 'superbugs' such as Pseudomonas aeruginosa, Acinetobacter baumannii and Klebsiella pneumoniae that are resistant to almost all currently available antibiotics. 4 Due to the dry development pipeline of novel antibiotics, 5 polymyxins have been used clinically as last-line therapy for treating the aforementioned 'superbugs'. 6 -10 Polymyxins are polycationic cyclic lipopeptides produced by Paenibacillus polymyxa and were discovered in the 1940s. 11, 12 However, their clinical applications have been largely restricted since the 1970s primarily due to their nephrotoxicity. 13 Polymyxin B and colistin (also known as polymyxin E) are the two polymyxins used clinically and they differ by a single amino acid at position 6 ( Figure 1) . 13, 14 Commercial products of polymyxin B and colistin contain a variety of components with polymyxin B1 and B2 and colistin A and B as the major components, respectively.
14 Polymyxin B and colistin initially bind to the anionic LPS of Gram-negative bacteria, displace divalent Ca 2+ and Mg
2+
between LPS molecules and destabilize the outer membrane. 6 In addition, polymyxins have an antiendotoxin property by neutralizing LPS. 15 In practice, colistin is parenterally administered to patients in the form of an inactive prodrug, colistimethate sodium (CMS). In contrast, polymyxin B is used directly in its sulphate form for parenteral administration in North America, South America and South-East Asia. Polymyxin-induced nephrotoxicity may result from its extensive reabsorption by renal tubular cells. 16 -20 Therefore, elucidating the mechanism of uptake of polymyxins by kidney cells is fundamental to understand their renal toxicity. It has been reported that megalin facilitates the movement of polymyxins across the membrane via endocytosis in kidney tubular cells. 21, 22 However, in megalin-knockout rats, renal accumulation of polymyxins was only partially decreased, 21 which suggests that other mechanisms also play key roles in the reabsorption of polymyxin by renal tubular cells. The current study demonstrated a novel transporter-facilitated route of polymyxin uptake into renal cells.
Solute carrier transporters (SLCs) are membrane proteins responsible for cellular uptake of a wide range of substances including hormones, steroids, toxins and many clinically important drugs. 23 Organic anion-transporting polypeptides (OATPs), organic anion/cation transporters (OATs/OCTs) and oligopeptide transporters (PEPTs) represent the most important SLC subfamilies involved in drug uptake. 23 -25 These proteins are widely expressed in key human organs including the kidney and liver. 26, 27 They are responsible for cellular uptake of drug molecules in these tissues, which impacts on drug pharmacokinetics and toxicities. Various antibiotics have been previously found to interact with SLC transporters. For example, PEPTs were shown to mediate the renal uptake of b-lactam antibiotics. 28 -31 In the current study, we characterized, for the first time, human PEPT2-mediated uptake of polymyxins in overexpressing human embryonic kidney (HEK) 293 cells and evaluated the role of PEPT2 in polymyxin-induced nephrotoxicity. 32 Unless otherwise stated, all other reagents were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).
Materials and methods

Materials
Plasmids containing full-length human OCTN1 and OCTN2 cDNAs were obtained from Gene-Ethics (Singapore). The plasmids containing the coding regions of human OAT1, OAT2, OAT3, OCT1, OCT2, OCT3 and PEPT2 were purchased from Australian Biosearch (Balcatta, WA, Australia). The mammalian expressing plasmids of human OATP1A2, OATP1B1, OATP1B3 and OATP2B1 were obtained from United BioResearch (Dural, NSW, Australia). 33 -36 The plasmid containing the human OAT4 coding region was cloned in-house. 37 The plasmid of PEPT1 was kindly provided by Professor Peter J. Meier-Abt (University of Basel, Basel, Switzerland).
Expression of SLC transporters in HEK293 cells
HEK293 cells were maintained at 378C and 5% CO 2 in DMEM supplemented with 10% FCS. Cells were transfected with plasmid DNAs using 
Transport studies
To measure the influx of transporter prototypical substrates, influx into control cells (vector transfected) was subtracted from influx measured as the accumulation of radiolabelled compounds in cells overexpressing transporter constructs. Uptake of a mix of radiolabelled and unlabelled typical substrates for each SLC transporter was initiated at 378C in PBS (pH 7.0 or 5.0) containing 5 mM glucose. Total substrate concentrations and timepoints employed in the study were as described previously: 300 nM 51 Our preliminary experiments indicated that initial rates of transportermediated substrate uptake in HEK293 cells were linear over ≥8 min (data not shown); hence, 8 min was selected for subsequent experiments. The uptake was terminated at 8 min intervals by rapidly washing cells in ice-cold PBS. Cells were then solubilized in 0.2 M NaOH, neutralized with 0.2 M HCl and aliquotted for liquid scintillation counting. The uptake count was standardized to the amount of protein in each well. Background counts of vector-transfected cells were subtracted from all uptake data. The stock solutions of colistin, polymyxin B and MIPS-9541 were all freshly prepared (,30 min before the experiments started). Exposure to up to 500 mM colistin, polymyxin B and MIPS-9541 for 8 min did not significantly influence the background counts observed in the vector-transfected cells, as compared with that of parental cells (data not shown); our preliminary data indicated that the background uptake of vector-transfected cells in the presence of inhibitors represented appropriate values for background correction. Data are presented as the mean+SEM. The experiments were conducted independently three times with three replicates for each condition.
The inhibitory potency of colistin, polymyxin B and MIPS-9541 was evaluated by IC 50 values (the concentration required to inhibit 50% of transporter function). Uptake measurement was performed with varying concentrations of the compound (ranging from 10 nM to 500 mM) added to the uptake buffer containing 2.5 mM [
3 H]Gly-Sar. The IC 50 of each compound was calculated by non-linear regression using GraphPad Prism 6.0 (GraphPad, La Jolla, CA, USA). Each experiment was conducted independently three times with three replicates for each condition.
Uptake measurement of MIPS-9541
Uptake of MIPS-9541 was initiated at 378C in PBS (pH 5.5) containing 5 mM glucose. Fluorescence accumulation in cells was measured with a Tecan Safire II microplate reader (Life Technologies) with an excitation wavelength of 350 nm and an emission wavelength of 518 nm. Uptake of MIPS-9541 was standardized to the fluorescence counts of 100 mg of protein in each well. Background counts of vector-transfected cells were subtracted from all uptake data. Data are presented as the mean+SEM. The experiments were conducted three times with three replicates for each data group. Kinetic studies were performed with varying concentrations of MIPS-9541 (0 -500 mM) through a 4 min interval incubation. Apparent K m and V max values for transport activity were then calculated using GraphPad Prism 6.0. 
Fluorescence imaging of MIPS-9541 uptake in cells
After the medium was removed from cells transfected with PEPT2 or the vector, cells were incubated with 10 mM MIPS-9541 for 5 min at 378C. After washing three times in ice-cold PBS, cells were mounted in SlowFade w Gold Antifade Mountant with DAPI (Invitrogen). Samples were visualized with a Leica DMI3000 B epifluorescence microscope (Leica Microsystems, North Ryde, NSW, Australia).
Statistics
Student's t-test was employed to examine the difference between two sets of normally distributed data. Differences in the transport function of PEPT2 with or without treatments were detected by one-way analysis of variance and Dunnett's test. Data are expressed as the mean+SEM with a P value of ,0.05 considered as significant.
Results
Inhibitory effects of polymyxin B and colistin on the specific substrate uptake mediated by essential SLC transporters
We assessed the inhibitory effects of colistin and polymyxin B on the substrate uptake mediated by 15 essential human SLC transporters including OAT1, OAT2, OAT3, OAT4, OATP1A2, OATP1B1, OATP1B3, OATP2B1, OCT1, OCT2, OCT3, OCTN1, OCTN2, PEPT1 and PEPT2. These transporters are involved in drug transport in key human tissues such as the liver and kidney. 23 -25 The HEK293 cell line was chosen in this study because it is a well-established in vitro renal cell model with favourable transfection efficacy and is widely used in transporter studies. 33, 34, 43, 52 As shown in Figure 2 , colistin and polymyxin B at 10 mM had no effect on the substrate uptake mediated through any of the SLC transporters evaluated, except for the PEPTs (Figure 2d ). Both polymyxins mildly reduced the influx of Gly-Sar through PEPT1 ( 20% -25% inhibition; P,0.05). Of note, polymyxin B and colistin significantly inhibited the uptake of Gly-Sar mediated by PEPT2 ( 40% inhibition; P,0.01), which suggests colistin and polymyxin B are potent inhibitors of PEPT2. PEPT2 is more abundantly expressed at the urine-facing apical membrane of renal proximal tubular cells, 53 while PEPT1 is largely distributed in renal distal tubular cells. Considering the majority of the current literature on polymyxin accumulation in the kidney is on proximal tubular cells, 17, 54 our following experiments focused on PEPT2. We evaluated the inhibitory potency of colistin and polymyxin B on PEPT2 transport activity (Figure 3a and b) with PEPT2-mediated Gly-Sar uptake measured in the absence or presence of either agent (ranging from 10 nM to 500 mM). It was also observed that uptake by vector-transfected control cells in the presence of both agents at 500 mM was not different from that of parental cells, which indicated that the physiology of the cells was not compromised under our experimental conditions (data not shown). The IC 50 value of colistin (11.4+3.1 mM) for inhibiting PEPT2 transport activity was slightly lower than that of polymyxin B (18.3+4.2 mM).
PEPT2-mediated cellular uptake of polymyxins
As an inhibitor may not be a substrate of a transporter, direct uptake is required to determine whether polymyxins are substrates of PEPT2. In a previous study, 32 we demonstrated MIPS-9541 is a novel fluorescent probe that favourably maintains the antibacterial and apoptotic effects of polymyxins. It was generated through regioselective modification of the core scaffold of polymyxin B with a dansyl fluorophore and is a preferred representation of the chemical and pharmacological properties of polymyxins. 55 In the present study, it was evident that MIPS-9541 also potently inhibited PEPT2-mediated substrate uptake with an IC 50 of 15.9+1.5 mM (Figure 3c and d) comparable to that of colistin and polymyxin B; in contrast, CMS, the inactive prodrug of colistin associated with less nephrotoxicity, 56, 57 only moderately interacts with this transporter (Figure 3d) .
Taking advantage of this fluorescent probe, we then evaluated the involvement of PEPT2 in the cellular uptake of polymyxins. As shown in Figure 4(a and b) , the uptake of MIPS-9541 through PEPT2 is time dependent and saturable. In the confirmatory fluorescence imaging analysis ( Figure 5 ), a dramatically increased accumulation of MIPS-9541 in PEPT2-expressing cells was observed compared with that by the vector-transfected control cells. Our kinetic analysis revealed that the K m value of MIPS-9541 to PEPT2 was 74.9 mM, which suggested a favourable binding of MIPS-9541 to PEPT2, comparable to that of the classic . 58 In addition, the PEPT2-mediated MIPS-9541 uptake was inhibited by Gly-Sar, colistin and polymyxin B (Figure 4c) , which demonstrated the transporterspecific interactions among these substrates.
Furthermore, we employed tritium-labelled polymyxin B1 to directly assess polymyxin uptake through PEPT2. As shown in Figure 6 (a), the cellular uptake of [ (Figure 6d) , which is consistent with that of the fluorescent polymyxin probe MIPS-9541 obtained above.
Discussion
Dose-limiting nephrotoxicity remains a major problem for optimizing the clinical use of polymyxins. 16, 59 Over the last decade, the pharmacokinetics of colistin and polymyxin B has been studied in animals and human subjects; 16,18,20,59 -66 however, there are very limited experimental data examining the involvement of transporters in the disposition of polymyxins. It has been shown that colistin is generated after parenteral administration of its inactive prodrug CMS; the latter is eliminated mainly by the kidney, while colistin and polymyxin B are significantly reabsorbed by renal tubular cells. 16, 18, 20, 66 Therefore, the significant renal reabsorption of colistin and polymyxin B may contribute greatly to the induced molecular events leading to cell death. 59, 67 The molecular mechanism underpinning the intracellular accumulation of polymyxins remains unclear. Previous literature reported the involvement of the endocytotic megalin receptor in the renal accumulation of polymyxins. 21, 22 However, in megalinknockout rats the renal accumulation of colistin was only reduced to one-third of that observed in the control, 21 indicating that megalin-facilitated endocytosis is not the sole mechanism by which polymyxins enter cells. A perfused rat kidney study suggested the role of SLC transporters, in particular OCTs and PEPTs in the tubular reabsorption of polymyxins. 19 Unfortunately, there has been no direct evidence to confirm such a role for these transporters in the cellular uptake of polymyxins in animals and humans. SLCs, in particular OATs, OATPs, OCTs, OCTNs and PEPTs, are drug-related influx transporters widely expressed in key human organs including the kidney. 23 -27 They are responsible for cellular uptake of clinically important drugs (e.g. antibiotics) and their functions largely determine the disposition and elimination of drugs in the body. 28 -31 In this study, both colistin and polymyxin B potently inhibited substrate uptake mediated through human PEPT2 (Figure 2d and Figure 3a and b) and also moderately impacted on Gly-Sar uptake through PEPT1 (Figure 2d ). However, colistin and polymyxin B have minimal effect on substrate uptake mediated through the classic isomembers of OATs, OATPs and OCTs, which are the SLC subfamilies mainly responsible for the cellular uptake of small molecules (molecular weight ,1000 Da). 68 Unlike that suggested in the isolated perfused rat kidney study, 19 we did not observe any possible contribution of OCTs to the cellular influx of colistin in the present study using human cells.
PEPT1 and PEPT2 are the two important isomembers of PEPTs present in renal tubular cells. PEPT1 is a low-affinity, high-capacity transporter, whereas PEPT2 is a high-affinity, low-capacity transporter. 69 It has been recognized widely that PEPT2 binds to its substrates with a 10 -15-fold higher affinity than PEPT1. 25, 70, 71 Further, PEPT1 is mainly found in the S1 segment of proximal tubular cells, which is the primary location for renal exchange of potassium, calcium, sodium and protons. 72, 73 PEPT2 is more abundantly expressed at the urine-facing apical membrane of the S2 and S3 segment of the proximal tubular cells, which are the part of the nephrons responsible for the excretion and/or reabsorption of various molecules, e.g. drugs and their metabolites. 53, 69 Considering the different tissue localization of PEPT1 and PEPT2, as well as the more potent inhibitory effects of both polymyxins on PEPT2 (Figure 2d ), in this study we focused on examining the PEPT2-mediated transport of polymyxins.
In order to assess the direct uptake of polymyxins through PEPT2, we established a method to evaluate the fluorescence accumulation of MIPS-9541 in PEPT2-overexpressing cells. MIPS-9541 is a novel fluorescent probe that retains the pharmacophore of the polymyxins and also maintains their pharmacological effects. 32, 55 Our results showed consistently that MIPS-9541 can potently inhibit the substrate uptake mediated via PEPT2 (Figure 3 ). Our kinetic analysis estimated the K m value (reflecting the substrate -transporter binding affinity) of MIPS-9541 to PEPT2 is 74.9+12.6 mM (Figure 4b ). This suggested that MIPS-9541 is a potent substrate of PEPT2, since the K m value of the PEPT2 prototype substrate Gly-Sar was 70 mM.
58 Our further inhibition studies confirmed that Gly-Sar, colistin and polymyxin B significantly impaired PEPT2-mediated MIPS-9541 uptake (Figure 4c ; P,0.01). Compared with the control, our fluorescence imaging results also demonstrate the accumulation of MIPS-9541 in PEPT2-expressing cells ( Figure 5 ). Furthermore, we employed tritium-labelled polymyxin B1 to directly assess the uptake of polymyxins through PEPT2-expressed cells. The result (Figure 6 ) is consistent with that obtained using MIPS-9541, which confirmed that polymyxins are novel substrates of PEPT2. Collectively, our data elucidate the basic characteristics of PEPT2-facilitated uptake of polymyxins.
PEPT2 transports a number of dipeptides, tripeptides, b-lactam antibiotics and other peptide-like drugs; 25 however, it does not require a peptide bond in the substrate. 74 Computational modelling with linear di-and tripeptide sequences and b-lactams containing positively charged amino acid side chains suggest that the presence of positive charge and hydrophobicity are important for substrate recognition by PEPT2. 70, 71 For the polymyxins, it is likely that positively charged L-a-g-diaminobutyric acid (Dab) residues play a significant role in the recognition of the polymyxins by PEPT2. Results from our inhibition study (Figure 3d ) show that CMS (in which the positive charge of the Dab residues is neutralized by their modification PEPT2 mediates cellular transport of polymyxins 409 JAC with methanesulfonate groups) has a substantially less pronounced interaction with PEPT2. Furthermore, it has been reported that removal of the Dab residues at positions 1 and 3 from the polymyxin core structure leads to a significant increase in the urinary recovery in rats ( 7% -20% 75 versus ,0.5% for colistin 18 ). As PEPT2 may facilitate the renal tubular reabsorption of polymyxins from tubular fluid, it is postulated that concomitant administration of transporter inhibitors in patients may decrease PEPT2-mediated polymyxin uptake by tubular cells, thereby attenuating polymyxin-induced nephrotoxicity. Importantly, the design of novel polymyxins with decreased binding to PEPT2 may reduce the accumulation and subsequent toxicity in nephrons and widen the therapeutic window. Animal studies are currently underway in our group to examine these hypotheses.
In conclusion, our study is the first to provide evidence of human PEPT2-mediated cellular uptake of polymyxins. Elucidating the mechanism of PEPT2-mediated uptake in renal tubular cells is crucial for discovery of novel, safer polymyxin-like lipopeptides for the treatment of life-threatening Gram-negative 'superbugs'.
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